Determination of the copper (Cu) content of rat, rabbit, and mouse hearts proved to be a sensitive microassay for mitochondria] content and membrane area of mitochondrial cristae per unit myocardial cell volume. The direction of variations in Cu content correlated well with variations in membrane area of mitochondrial cristae determined by morphometry of electron micrographs during normal postnatal growth, ventricular hypertrophy after aortic constriction, and thyroxin-stimulated myocardial cell growth. Right and left ventricular and interventricular septal Cu contents per unit dry weight were the same, did not vary during postnatal growth, and significantly exceeded atrial Cu content. Among different mammalian species, ventricular Cu content per unit dry weight tended to vary inversely with adult animal size and thus with adult resting heart rate. The existence of mechanisms for transport of "Cu across the myocardial cell plasma membrane and for incorporation of "Cu into mitochondrial cristae from an intracellular precursor pool was demonstrated by injecting "Cu-labeled blood serum into rats.
• Quantitative electron microscopic studies in this laboratory have shown that the absolute and the relative contribution of mitochondria to myocardial cell volume can undergo striking variations (1) (2) (3) (4) . These variations may be associated with changes in the configuration, membrane area, and density of packing of the mitochondrial cristae. The magnitude and the direction of the variations have been determined during normal postnatal growth (1) , during the development of left ventricular hypertrophy (2, 3) , and during thyroxin-stimulated growth of myocardial cells (3, 4) .
The quantitative electron microscopic (stereological) techniques used for these measurements (5-7) are difficult and time-consuming. Moreover, they require unusually good preservation of the tissue; specimens of human heart muscle obtained at surgery or postmortem examination, which cannot be fixed by the optimal technique of perfusion of fixative through the coronary vascular system, are usually inadequately preserved. These considerations have led us to develop a microchemical method which is both simpler and more widely applicable than is the stereological technique. This
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Circulation Rrsrarch, Vol. 3S, July 1974 method is designed to provide information about the mass of mitochondria in a given weight of heart muscle and, especially, about the amount of mitochondrial cristae in this mass. The technique is based on the copper (Cu) content of the myocardial cells and the mitochondria isolated from these cells; this Cu is present predominantly in mitochondrial cytochrome oxidase (8) .
The results of the present study showed that during normal postnatal growth, experimental ventricular hypertrophy, and thyroxin treatment the Cu content of heart muscle varied in the same way as the stereologically measured mitochondrial volume and the area of mitochondrial cristae. We also observed some physiologically interesting differences in the Cu contents of atria and ventricles and of ventricles from different mammalian species characterized by fast and slow resting heart rates. In addition, we examined in vivo the exchange of Cu by left ventricular myocardial cells and by mitochondria and mitochondrial fractions obtained from these cells. These exploratory experiments demonstrated the existence of mechanisms for transport of labeled Cu across the plasma membrane and for incorporation of Cu into the inner mitochondrial membrane from a precursor pool of Cu within the myocardial cell.
Methods

EXPERIMENTAL DESIGN
Most of the experiments were done on female Sprague Dawley rats (approximately 200 g) and on male rabbits
67
(approximately 3 kg) anesthetized as previously described (2) . Ventricular hypertrophy was produced in rats by constricting their ascending aortas with a silver band according to the method of Nair et al. (9) . Rats were made hypothyroid by extirpation of their thyroid glands followed by treatment with Na'"I at the doses and time intervals described by McCallister and Page (4) . The procedures for the dissection and weighing of the left ventricles were identical to those of Page et al. (2) except that immediately after excision the hearts were perfused at 22-24 °C for 5 minutes with Cu-free, Trisbuffered solution on the Langendorff cannula (10) to remove Cu in the blood vessels and interstitial space.
EXCHANGE OF CARDIAC Cu WITH "Cu IN VIVO
"
7 Cu-labeled blood serum was prepared, as suggested by Owen (11, 12) , by injecting "CuCl, (10-40 me/kg body weight) into a donor rat. After 24 hours the donor rat was anesthetized with ether and exsanguinated. The blood was allowed to clot, and the serum was separated from it. As indicated by Owen (11, 12) and by Marceau and Aspin (13) , the "Cu in serum thus harvested is almost entirely in the form of ceruloplasmin. Samples of serum containing 4-9 x 10* counts/min were injected under light ether anesthesia into the tail veins of rats which were subsequently killed at intervals of 1-7 days. The rats were lightly anesthetized with ether before death was induced. Some of the rats were subjected to bilateral nephrectomy and then allowed to wake up. Two hours later they were reanesthetized; a sample of their blood was collected from the inferior vena cava into a heparinized syringe, and their left ventricles and interventricular septa were excised en bloc, perfused for 5 minutes on the Langendorff cannula to remove extracellular Cu (10) , and subjected to radioactive and chemical analyses. (It has previously been shown that 5 minutes is more than enough time for exchange of the extracellular compartment [10] .) Other groups of rats were treated in the same way except that nephrectomy was omitted.
ANALYSIS OF VENTRICULAR Cu CONTENT
The left ventricle and interventricular septum were removed either separately or en bloc and placed in previously tared Vycor crucibles. To determine the contents of both "Cu and total Cu, the ventricular samples were divided into two approximately equal pieces. After measurement of the wet and dry weights (2), the samples were ashed in crucibles at 550°C in a muffle furnace. The inorganic residues in both crucibles were dissolved in concentrated H,SO 4 . The two samples were assayed, respectively, for gamma radiation with a gamma scintillation counter and for chemical Cu content with a spectrophotometer (Gilford model 240) by the method of Martens and Githens (14) . Ten replicate samples prepared from a pool of ashed hearts contained 1.31 ng of Cu with a standard deviation of ±0.047 fig (±3.6%), a dispersion similar to that for the Cu standard (mean recovery 99.0 ± 3.5% of Cu in sample) and in good agreement with the standard deviation of 3.5% reported by Owen (15) . Cu was usually assayed in samples containing 1-2 ng of Cu. At the lowest chemical Cu content (0.6 ng) accepted for inclusion in the data of this paper, the standard deviation was ±4.9%.
Experiments were also designed to determine the Cu content of individual chambers. For this purpose the left ventricular free walls and septa of rats weighing 200-240 g were cut out with a razor blade and analyzed separately. Since the right ventricular Cu content is small, it was necessary to pool three right ventricles for one determination. To determine the Cu contents of both ventricular free walls and of the interventricular septum simultaneously in the same heart, we also measured these contents in five hearts from male rabbits weighing 2.5-2.9 kg. To determine the content of Cu in atrial muscle, right and left atrial appendages were also obtained from rabbit hearts. Because of the low atrial Cu content, it proved necessary to pool three atria for each determination. Measurements of the Cu contents of rat right and left ventricular free walls and interventricular septa were also made in two batches of 12 very young rats weighing 69 ± 1 g (range 71 to 74 g) and 38 ± 1 g (range 36 to 41 g), respectively. For these determinations four left ventricular free walls and six right ventricles or septa were pooled to obtain one measurement. Measurements of the Cu content of left ventricular free walls from 20-g male mice were done on four groups of pooled ventricles (ten ventricles per determination) from which most of the blood had been removed by brief immersion in physiological saline (10).
The plasma was separated from the heparinized rat blood samples by centrifugation, and a sample was counted for radioactivity in the gamma scintillation counter. The plasma concentration of total Cu in the rat was taken as 0.0194 ^moles/ml (15, 16) .
ANALYSIS OF MITOCHONDRIAL Cu CONTENT
Mitochondria were isolated from rat ventricles by a modification of the method of Jennings et al. (17) , which is based on the method of Von Korff (18) . For each preparation four rats from the same batch were heparinized and killed; their hearts were removed and briefly perfused with Cu-free solution. After the atria, great vessels, and right ventricle were trimmed off, the left ventricle and septum were immediately immersed in 250 mM sucrose buffered to pH 7.4 with 10 mM sodium phosphate buffer at 0°C. The pooled hearts from four rats were minced as finely as possible and incubated for 10 minutes at 0°C with Nagarse (Bacillus subtilis alkaline proteinase, Enzyme Development Corporation). The concentrations of tissue and Nagarse were 100 mg/ml buffer and 0.5 mg/ml buffer, respectively. The suspension was homogenized with five strokes in a Dounce homogenizer using a loosely fitting pestle, diluted with an equal volume of Nagarse-free buffer, and centrifuged for 5 minutes at 225 g in a refrigerated Sorvall centrifuge. The supernatant fluid was strained through cheesecloth and recentrifuged for 10 minutes at 12,000 g; the resulting supernatant fluid was discarded. The pellet was resuspended in 5 ml of buffer, centrifuged for 5 minutes at 8,700 g, and resuspended in a volume of buffer 10% of that of the original homogenate. The suspension was recentrifuged at 100 g for 5 minutes and then examined at a magnification of 400x under phase contrast. A sample was used for determination of protein by the method of Lowry et al. (19) ; most of the remaining suspension was transferred to quartz crucibles, dried in a vacuum oven at 90°C, ashed, and analyzed for Cu content.
Cu CONTENT OF CELL SAP AND MYOFIBRILS
Left ventricles plus interventricular septa pooled from four hearts briefly perfused with Cu-free solution as deCimdation Ratnrch, Vol. 35, July 1974 scribed in the preceding section for the mitochondrial preparation were dropped into 9.3 ml of ice-cold 250 mM sucrose buffered with 10 mM potassium phosphate (pH 7.4) and finely minced; all subsequent procedures were performed at 0"C. The minced preparation was homogenized at full speed seven times for 2 minutes each in a Virtis homogenizer provided with a MSE blade and flask. The homogenate was centrifuged at 159,000 g for 30 minutes in a Spinco centrifuge using a fixed angle rotor; the supernatant fluid was decanted into a graduated test tube, and its volume was recorded. The supernatant fluid was subsequently concentrated. It was dried in a quartz crucible, the dried residue was ashed at 550 c C, and the ash was redissolved in the smallest practicable volume of H,SO 4 ; the Cu content was then determined. Myofibrils were prepared according to method A of Page et al. (2), ashed, and analyzed for Cu.
FRACTIONATION OF MITOCHONDRIA
Mitochondria were disrupted at 0°C by a three-step procedure described by McKay et al. (20): (1) swelling by incubation for 5 minutes in a solution of low osmolarity (0.01M Tris phosphate, pH 7.5), (2) contraction by suspension for 5 minutes in 0.45M sucrose buffer containing 2 mM adenosine triphosphate (ATP) and 2 mM MgCU, and (3) sonication for 10 seconds with a Branson model S 110, 3A followed by resuspension in a Dounce homogenizer. A 6-9-ml sample of the resulting disrupted and sonicated mitochondria was layered on the top of a discontinuous sucrose gradient in which the bottom layer was 10 ml of 1.32M sucrose and the middle layer was 5 ml of 0.76M sucrose. The disrupted mitochondria were centrifuged at 58,000 g for 3.5 hours at 4°C in a Spinco SW 12.1 rotor. This procedure produced a pellet and two additional interfaces separating four phases, denoted 1, 2, 3, and 4 and numbered starting at the top of the tube; the pellet was at the bottom of the tube. The pellet and the four other identifiable fractions were removed and, when appropriate, counted for "Cu. After sampling for protein content, each fraction was dialyzed overnight at 0°C against 0.01M phosphate buffer to remove the sucrose; the protein content and radioactivity were again determined. The pellet was washed three more times by resuspending it in 0.01 M phosphate buffer and centrifuging it for 5 minutes at 30,000 g in a Sorvall refrigerated centrifuge. All fractions were dried and prepared for determinations of "Cu and total Cu by the method described for unfractionated mitochondria.
ATTEMPTS AT EXTRACTION OF A LABILE POOL OF CELLULAR Cu WHICH COULD 8ERVE AS A PRECURSOR FOR MITOCHONDRIAL Cu
Hearts were perfused for 5 minutes on the Langendorff cannula (10) to remove extracellular Cu. The left ventricles and septa pooled from two rats were then extracted by boiling in distilled water as described by Manchester (21) and Scharff and Wool (22) . This procedure extracts the cytoplasmic pool of unbound amino acids and other ninhydrin-positive substances but not the constituents incorporated into membranes.
Unless otherwise indicated, results are given as means =t SE. Cu-free solution before analysis. The most extensive analyses were done in hearts from nearly mature rats (body weight 200-240 g). In this group of rats, the cellular Cu content per unit of dry tissue weight was the same in both ventricular free walls but somewhat lower in the interventricular septum. In a second batch of 20 rats, the cellular Cu content of combined left ventricular free wall plus interventricular septum was 0.45 ± 0.01 moles/g dry weight; thus, the apparently lower Cu content of the septum shown in Table 1 did not hold for all hearts. Table 1 also shows that the Cu contents per unit dry weight of the cardiac chambers did not change significantly during postnatal myocardial growth.
Results
Cu CONTENT OF RAT AND RABBIT HEARTS
The Cu contents of the right and left ventricular free walls and the interventricular septum could not be determined in the same rat ventricle, because the Cu content of a single rat right ventricle was at the limit of resolution of our analytical method. To overcome this difficulty we examined five rabbit hearts. The results showed that for the same rabbit heart there were no systematic differences in the Cu contents of right and left ventricles and interventricular septa. The mean values (in //moles Cu/g dry ventricle) were 0.33 ± 0.02 for the left ventricular free wall, 0.32 ± 0.01 for the right ventricular free wall, and 0.35 ± 0.03 for the interventricular septum. For the left and right ventricular free walls these values were significantly lower than the corresponding figures for rat ventricle ( Table 1 ). The Cu content of atria determined in three groups of pooled rabbit atrial appendages (three atria per group) were 0.17 ± 0.02 imoles/g dry weight for the right atrium and 0.19 ± 0.01 ^moles/g dry weight for the left atrium. These results indicate that atrial Cu content is significantly lower than ventricular Cu content.
DISTRIBUTION OF Cu IN RAT LEFT VENTRICLE
Myofibrils isolated from rat left ventricles in a form free of contamination with mitochondrial fragments (2) contained no detectable Cu. The cell sap obtained from left ventricles perfused with Cu-free solution contained less than 0.2% of the cellular Cu. Ventricular Cu is thus associated with the residual particulate material; presumably this material is predominantly the cytochrome oxidase of the inner mitochondrial membranes and cristae.
The mean Cu content of seven mitochondrial preparations fractionated from the combined left ventricular free wall and interventricular septum of normal rat hearts was 1.41 ± 0.03 //moles/g mitochondrial protein. This value agrees well with that of 1.47 /zmoles obtained by Griffiths and Wharton (23) for mitochondria from beef heart. Analysis showed that in rat heart mitochondria, protein made up 68.5% of the mitochondrial dry weight. If effectively all of the cellular Cu is in the mitochondria, then the fraction of left ventricular dry weight made up of mitochondria should be 0.45/(1.41 -0.685) = 0.466. This value is high in view of the fact that morphometry indicates that mitochondria in rat left ventricles make up 0.358 of myocardial cell volume (3) and therefore (assuming an in vivo extracellular space of 0.19 [24] ) 0.290 of left ventricular volume.
VENTRICULAR AND MITOCHONDRIAL Cu CONTENTS DURING LEFT VENTRICULAR HYPERTROPHY
Previous reports from this laboratory (2, 3) have described the application of stereological measurements to electron micrographs of rat left ventricles which have undergone hypertrophy following constriction of the ascending aorta. In this preparation, the enlargement of myocardial cells in response to the increased external work load is not associated with an increase in the number of myocardial cells. Our studies have shown that during myocardial cell hypertrophy there is an absolute increase in the cumulative volume of mitochondria but that this increase is significantly smaller than the increase in myocardial cellular volume as a whole. Also, there is a disproportionate increase in myofibrillar volume and mass, presumably at least partially at the expense of mitochondrial volume. These stereologically measured changes in mitochondrial volume suggest that there should also be changes in the ventricular content of Cu. Table 2 gives the left ventricular Cu content at intervals of 1, 2, 3, and 49 days after aortic constriction. The table shows that a net uptake of Cu by the cells occurred; the uptake was observed 1, 3, and 49 days after aortic constriction. The data were recalculated to examine whether the net uptake of Cu in the hypertrophic ventricles was proportional to the increase in ventricular dry weight. The fifth column of Table 2 shows that 1 day after constriction the increase in cellular Cu content per kilogram dry ventricle slightly exceeded that predicted from the increase in ventricular dry weight. By contrast, 2 or more days after aortic banding the increase in the cellular Cu In this and subsequent tables, figures in parentheses give the total number of hearts analyzed. Results from the 69-g and 38-g rats are data pooled from hearts of several rats from the same batch (see Methods).
* Left ventricular free wall and interventricular septum dissected en bloc. P values were calculated for the differences between cellular Cu contents of individual pairs using Student's c-test to examine whether the differences were significantly different from zero.
* Ratios represent comparisons between paired ventricles from batchmates matched to within 1 g with respect to body weight; the ratios were averaged to give the tabulated values.
t Pooled (unpaired) values for banded rats.
content was significantly smaller than the increase in dry weight. These latter observations are consistent with the stereological finding of an absolute increase in the total (cumulative) volume of ventricular mitochondria with a concomitant decrease in the concentration of mitochondria per unit cell volume. A comparison of the Cu contents of mitochondria (in /imoles/g mitochondrial protein) from shamoperated (S) and hypertrophied (H) hearts gave the following results at 1-41 days after surgery: 1 day S 1.37, H 1.35; 2 days S 1.42, H 1.37; 5 days S 1.37, H 1.43; 5 days S 1.56, H 1.36; and 41 days S 1.37, H 1.36. The mean values for all five of these paired groups were S 1.42 ± 0.04 and H 1.37 ± 0.01. At all intervals examined, the Cu content of mitochondria was the same for both groups. This observation • is consistent with the interpretation that the increase in the absolute amount of mitochondrial volume and mass results from the addition of respiratory chain units with the same cytochrome concentration as that of the controls; the data do not, of course, determine whether the additional units represent new mitochondria or growth of the preexisting mitochondria.
LEFT VENTRICULAR Cu CONTENT DURING THYROXIN-STIMULATED GROWTH OF MYOCARDIAL CELLS
Extirpation of the thyroid gland in an immature rat arrests growth; under these conditions the ratio of ventricular weight to body weight decreases, and the myocardial cells manifest characteristic ultrastructural changes (3, 4) . The absolute (cumulative) volume of ventricular mitochondria, the fraction of myocardial cell volume made up of mitochondria, and the membrane areas of mitochondrial cristae per unit mitochondrial, myofibrillar, and cell volume all have abnormally small values. In response to treatment with thyroxin, these abnormally low values return to normal. The response has two features: (1) an increase in myocardial cell size without an increase in cell number and (2) a selective stimulation of mitochondrial growth.
The mean cellular Cu contents for seven pairs of ventricles (left ventricle plus interventricular septum) were 0.426 ± 0.009 ^moles Cu/g dry weight for the seven hypothyroid controls and 0.46 ± 0.01 /imoles Cu/g dry weight for the seven rats that received thyroxin (180 /xg/kg body weight) every fourth day for 24 days. These values differed only at the P < 0.05 level of significance. However, when the differences between individual rats paired prior to the thyroxin treatment on the basis Circulation Ratarch. VoL 35. Juh 1974 of body weight were analyzed, the differences were highly significant (P < 0.001). A second series of seven paired rats yielded similarly significant differences between ventricles of paired, weightmatched rats (P < 0.001). Table 3 shows that in three of five preparations of mitochondria obtained from hearts pooled from batches of similarly paired rats there was an easily detectable increase in mitochondrial Cu content. This increase in Cu content per unit of mitochondrial protein is the counterpart of the stereologically observed increase in membrane area of cristae per unit of mitochondrial volume (3, 4) . The finding that only two of five mitochondrial preparations showed no increase in Cu content also confirms our previous stereological observation that in some left ventricles from hypothyroid rats the area of mitochondrial cristae fails to increase in response to thyroxin (4). Figure 1 shows the uptake of "Cu by left ventricular cells of rats injected with "Cu-labeled plasma (ceruloplasmin). The curve was approximately linear for the initial 4-day period (r -0.94). Its slope during this interval corresponded to an exchange rate of 1.6% of cellular Cu per day. The points, which are the results of experiments on two different batches of rats, show that the cellular exchange rates of hearts from these two batches of rats were similar. At longer intervals (6-7 days) after injection of "Cu, the rate at which cellular Cu exchanged appeared to increase. This unexpected observation was confirmed in an additional experiment in which the specific activites of plasma, interventricular septum, and mitochondria from the left ventricular wall were simultaneously measured (Fig. 2) . In this experiment the exchange rate of septal Cu during the initial 4 days after injection was even slower than that in Figure 1 , but the rate again accelerated at longer times. Figure 2 shows the results of an experiment in which the in vivo rate of exchange of cellular Cu in the interventricular septum was compared with the rate of exchange of Cu in mitochondria isolated from the left ventricular walls of the same hearts. The blood plasmas, the septa, and the left ventricular walls of four rats were pooled to obtain each point. The figure shows that the specific activity of mitochondrial Cu slowly approached that of cellular Cu as a whole; however, mitochondrial Cu still had not equilibrated with total cellular Cu 140 hours after injection of 67 Cu. A second experiment gave essentially similar results. These observations suggest that the 67 Cu might be entering a cellular pool of high specific activity which acts as a precursor for mitochondrial Cu. Alternatively, if there was a relatively labile fraction of labeled Cu associated with the mitochondria in the intact ventricle, such a fraction might have been lost during the preparation of the mitochondria.
EXCHANGE OF CELLULAR Cu WITH "Cu IN VIVO
IN VIVO EXCHANGE OF MITOCHONDRIA!. Cu WITH INJECTED Cu
Cu CONTENT AND EXCHANGE OF SUBMITOCHONDRIAL FRACTIONS
All fractions of the sucrose gradient contained detectable traces of total Cu and 67 Cu. However, in five preparations, only the pellet (presumably a fraction enriched in inner mitochondrial membrane and cristae) and fraction 3 consistently contained measurable total Cu and "Cu. The total Cu content of the pellet was 2.3 ± 0.4 /jmoles/g protein, a value significantly higher than that of 1.41 ± 0.03 /zmoles/g protein for the intact mitochondria. The Cu content of fraction 3 was even higher (5.2 ± 0.4 Ltmoles/g protein). The specific activities of Cu (counts/min x 10 '/fimo\e, corrected for radioactive decay) in the pellet and fraction 3 were 12.2 and 7.58, respectively, 20.5 hours after injection of "Cu into the rats; the corresponding values 69.3 hours after injection were 22.6 and 34.9. The results from the pellet are consistent with the interpretation that "Cu is incorporated into the inner mitochondrial membrane and cristae. The composition of fraction 3 is unknown.
ATTEMPTS TO DEMONSTRATE A LABILE CELLULAR POOL OF EXTRAMITOCHONDRIAL OR MITOCHONDRIAL Cu
The observation that the specific activity of mitochondrial Cu remained lower than that of total ventricular cellular Cu for 6 or more days after injection of "Cu-labeled serum into the rat (Fig. 2) suggests that "Cu might be entering a pool of Cu that acts as a precursor for mitochondrial Cu. Evidence from several tissues indicates that the transport of Cu across cell membranes is facilitated by Cu-amino acid complexes (25) and leads to incorporation into soluble cytoplasmic proteins which might serve as precursors for Cu in the mitochondria (26, 27) . We therefore explored the possibility that an extramitochondrial precursor pool of amino acid-bound Cu exists in myocardial cells. The approach was to extract this pool in ventricles labeled with "Cu by the conventional procedure of boiling the ventricles in distilled water (21, 22) . The counts due to "Cu in the boiled water extract were compared with the total (cellular) Cu in the ventricle as a function of time after injection of "Cu-labeled serum into the rat. Figure 3 shows that the fraction of cellular "Cu extractable with boiling water increased to a maximum of 20-24% about 18 hours after the injection; thereafter, it declined sharply until, after 170 hours, only about 4% of cellular "Cu was thus extractable.
Even at short time intervals after injection of "Cu-labeled serum, the fraction of total cellular "Cu that was extractable with boiling water was less than 20% and did not rise above 24% (Fig. 3) . This observation suggests that most of the "Cu which has entered the cells is not in this labile form. Instead, it is in a form resistant to this method of extraction, probably in association with membrane-bound or free ribosomes or already in the mitochondrial cristae.
In a control experiment, one half of a preparation of mitochondria was boiled in distilled water and the other half was not boiled. The total Cu content of the boiled half was identical to that of the unboiled half. Therefore, boiling extracts Cu not from mitochondria but from some extramitochondrial pool or pools of Cu.
Discussion
USEFULNESS OF THE Cu DETERMINATION
The results shown in Tables 1-3 support the conclusion that the Cu content of heart muscle is a useful index of the concentration of mitochondria and mitochondrial cristae in the tissue. In all cases which we have studied so far, the tissue Cu content varies in the same way as the results of our morphometric analyses of the mitochondrial concentrations per unit cell volume and the membrane area of mitochondrial cristae per unit cell volume. This consistency holds for normal postnatal growth (1, 7), ventricular hypertrophy secondary to aortic constriction (2), and thyroxin-stimulated myocardial cell growth (4). These observations suggest that microsamples of the Cu content per unit dry weight can be used to estimate mitochondrial content in small localized regions of the heart in experimental, autopsy, or biopsy material.
PHYSIOLOGICAL IMPLICATIONS OF Cu CONTENT IN DIFFERENT PARTS OF THE HEART
Although the volume flow through both ventricles is the same, the right ventricle ejects blood against a much smaller arterial blood pressure than does the left ventricle. The total stroke work for each contraction is therefore much smaller for the right ventricle than it is for the left ventricle. Nevertheless, the concentrations of mitochondrial cristae measured by the content of Cu per unit of ventricular dry weight are identical. At the same time, the right ventricle is much thinner and presumably contains fewer myocardial cells, smaller myocardial cells, or both than does the left ventricle.
By contrast, our measurements of Cu content per unit dry weight suggest that atrial myocardial cells have a significantly lower concentration of mitochondrial cristae than do ventricular myocardial cells. In this connection McCallister (unpublished observations) has found that the fraction of cell volume made up of mitochondria is only 20-22% for guinea pig atrial muscle, a value much smaller than that of approximately 35% for rat ventricular muscle.
We have previously shown that the content of myofibrils per unit dry weight in rabbit atrial muscle is only about 60% of that in rabbit ventricular muscle (2) . The relatively low Cu content of atrial muscle might therefore reflect a relatively lower total consumption of ATP by the contractile apparatus of the myocardial cells. The data given in the literature on a wet weight basis have been recalculated on a dry weight basis assuming a 75"£ water content. Cu content was measured on whole hearts in the guinea pig, sheep, horse, beef, pig, and cat. * This value is the mean of four groups of pooled left ventricles; each group was derived from ten hearts.
SPECIES DIFFERENCES IN VENTRICULAR Cu CONTENT
In Table 4 the Cu contents per unit dry weight of left ventricles from different mammals have been arranged in the order of decreasing Cu content. When no data were available on left ventricles, values for whole hearts were entered in the table; these values reflect the predominant contribution of the left ventricle to total heart weight. Table 4 shows that the Cu content, and thus the content of mitochondrial cristae, was larger for small mammals than it was for large mammals. The only seriously discrepant value is that for cats. The sequence resembles that for species differences in adult resting heart rate, which also decreases with increasing cardiac and body weight of the mammalian species. This resemblance suggests that the concentration of mitochondrial cristae in ventricular heart muscle increases with the heart rate of the species of mammal. However, within a given species, the increase in body and heart weights and the decrease in heart rate during post-natal growth are apparently not associated with a decrease in the concentration of mitochondrial cristae (Table 1) .
INTERPRETATION OF CELLULAR AND MITOCHONDRIAL Cu EX-CHANGE
Our experiments show that "Cu which has been incorporated in vivo into blood plasma is taken up slowly by myocardial cells. The experiments show further that the label is incorporated into mitochondria, into the inner mitochondrial membrane and cristae (the pellet), and into a fraction extractable with boiling water, which presumably originates either extramitochondrially or in a labile association with mitochondria. This latter fraction at no time exceeds 20-24% of the total labeled Cu in the cells.
The results of our measurements of the "Cu exchange in rat ventricles are of particular interest in light of the most recent observations by Marceau and Aspin (26) on the distribution in rat liver, spleen, and brain cells of radioactive Cu derived from injected ceruloplasmin-bound Cu and albumin-bound Cu, respectively. These investigators have previously reported (13) that in rats the biological half-life and the maximum tissue uptake time of ceruloplasmin-bound Cu are 13 hours and 40 hours, respectively, and that the tissue Cu derived from ceruloplasmin is inexchangeable. "Cu derived from ceruloplasmin becomes attached to a soluble intracellular protein with a molecular weight of about 30,000; the size and enzymatic properties of this protein suggest that it is identical with cytocuprein (27) , a well-known copper protein Circulation Ratarch. Vol. 35, July 1974 of cytoplasm (25). "Cu derived from ceruloplasmin is also tightly bound to cytochrome C oxidase. In contrast, the biological half-life and the maximum uptake times of albumin-bound Cu are 10 minutes and 1 hour, respectively, and the tissue Cu derived from albumin-bound Cu is exchangeable. Labeled Cu derived from albumin is bound to a different soluble cytoplasmic protein (molecular weight 10,000) and is only loosely bound to cytochrome C oxidase.
These observations suggest that the soluble fraction extractable with boiling water in the present experiments on rat heart muscle might include one or more of the following components: cytocuprein derived from ceruloplasmin-bound Cu, the lowmolecular weight protein derived from albuminbound Cu, and perhaps the Cu loosely bound to mitochondria. The fact that tissue uptake of albumin-bound Cu effectively ceases after a few hours (13) further suggests that the slow, progressive cardiac cellular uptake of "Cu (24-143 hours after intravenous injection of e7 Cu-labeled plasma) is derived from the ceruloplasmin-bound Cu.
Aschenbrenner et al. (28) have shown that cytochrome oxidase in the rat heart turns over simultaneously with other components of the inner mitochondrial membrane and cristae and that it does so with a half-life of 5-6 days. Therefore, it is not surprising that Cu, the prosthetic group of cytochrome oxidase, exchanges when labeled Cu is introduced into the cell. Except for the exploratory experiments reported in this paper, no details are known about the transport of Cu into cardiac cells or about the intracellular pathways for Cu destined to be incorporated into or to leave the mitochondrial cristae. The synthesis of cytochrome oxidase involves both the mitochondrial and the cytoplasmic systems for the synthesis of protein (29) . The sequence of reactions by which "Cu becomes incorporated into heme and coupled with the appropriate proteins, the cellular loci, the transport processes, and the reaction sequences for the ultimate incorporation in the mitochondrial cristae also remain obscure. This lack of knowledge severely limits the interpretation of our experiments on "Cu exchange.
Nevertheless, it seems reasonable to divide the exchange of mitochondrial Cu with extracellular "Cu into at least four steps: (1) the transfer of "Cu from the complexes with ceruloplasmin and albumin to the plasma membrane of the myocardial cell and the transport of this Cu across that membrane, (2) the incorporation of "Cu into a pool or pools of labile precursor Cu, presumably in the form of a complex of Cu with cytocuprein and Circulation Raearch, Vol. 35, July 1974 possibly with other soluble proteins or polypeptides (25-27), (3) the entire sequence of reactions and intracellular transport processes culminating in the integration of "Cu-labeled cytochrome oxidase into the mitochondrial cristae, and (4) the sequence of steps involved in the degradation of cytochrome oxidase and the possible reutilization of the "Cu so released. The observations in this paper provide the guidelines for the timing of biochemical experiments designed to work out the details of these steps.
